INTRODUCTION
Many host-specific pathogens such as the rusts lack the lethality needed for effective biological control of weeds. Conversely, many highly lethal pathogens attack large numbers of plants, often including crops and beneficial native species. This has created a problem in the search for plant pathogens that are lethal enough for effective weed control but which do not endanger non-target plants. Consistent with this problem, our search to find effective biological agents to control Canada thistle (Cirsiurn arvense (L.) Scop.) and spotted knapweed (Centauria maculosa Lam.) in Montana disclosed that the pathogen with the most potential for effective weed control was also one of the most non-specific plant pathogens known, Sclerotinia sclerotiorum (Lib.) deBary (Adams, 1974; Purdy, 1979) . The potential of this organism for weed control was demonstrated in limited field trials where strains of the fungus reduced populations of both weed species by over 80% (Broston & Sands, 1986 ; unpublished data, our laboratory). Instead of seeking an alternative, more specific pathogen, we chose to try a genetic approach to render S. sclerotiorum environmentally safe. The fact that this pathogen is reported to attack weeds in over 40 plant genera (Adams, 1974; Adams et al., 1974 Adams et al., , 1983 Bodine, 1935; Klisiewiczk 1986; Watson et al., 1974; Morgan, 1971 ) is another incentive to render this fungus into an acceptable biological control agent.
The approach was to use mutagenesis and selection to generate strains of the fungus with reduced host ranges, with reduced abilities to survive (e.g. non-sclerotium formers), or in some way restricted to the area of application. Both spontaneous (Garrabrandt et al., 1983; Huang, 1981 Huang, ,1983 ) and induced (Blanchette & LeTourneau, 1977; LeTourneau 1984; Wyllie & Walter, 1957 ) mutants of S. sclerotiorum have been described. Using p-fluorophenylalanine and gamma irradiation LeTourneau obtained mutants of the fungus that were resistant to fluorophenylalanine, others that had altered colony pigmentation, and still others unable to form sclerotia (Blanchette & LeTourneau, 1977; LeTourneau, 1984) . Wyllie & Walter (1957) described morphological, colour and pathogenicity variants of S. sclerotiorum induced by irradiation. The biochemical bases of these mutations were not determined in these previous studies. However, some of the mutants may have been auxotrophs, as nutrition has been shown to affect pathogenicity of a number of both plant and animal pathogens (Bacon et al., 195 1, Boone, 1971 ; Boone et al., 1957; Garber, 1954a, b; Garber et al., 1956; Kline et al., 1957; Tinline, 1963) .
The purpose of this research was to genetically improve S. sclerotiorum as a weed control agent. Here we report isolation of an auxotrophic mutant that may be limited to the application site by virtue of its nutritional requirement.
METHODS
Fungal isolates and cultivation. The wild-type isolate (KA2) of S. sclerotiorum used in this study was originally collected in 1982 by C. G. Eayre and B. S. Brosten from a diseased spotted knapweed near Missoula, Montana. The fungus was grown on potato dextrose agar (PDA) and stored for up to a year as air-dried sclerotia or as infested white proso millet (Panicum miliaceum L.) at 4 "C. The auxotroph was grown on PDA supplemented with either 2 g yeast extract 1-I or 50 mg cytosine 1-l and again stored as sclerotia or infested millet that had imbibed an aqueous solution of yeast extract or cytosine. Minimal agar medium was Czapek solution agar (Difco) amended with asparagine and thiamin (Wong & Willetts, 1973) . To prepare infested millet, the dry grain was autoclaved for 1 h at 121 "C, then a sterile nutrient solution (1.5 g 1-' each of yeast extract and Casamino acids; or cytosine) and antibiotics (300 mg streptomycin sulphate 1-' and 75 mg tetracycline hydrochloride 1-l) was added at rates of 750ml per kg dry grain. The sterile millet was inoculated with a 7mm diameter mycelial agar disc of S. sclerotiorum; the fungus was allowed to grow for 14 d at room temperature, air dried at 27 "C, and stored at 4 "C.
Ascosporeproduction. Fungal cultures were grown on PDA or PDA supplemented with yeast extract (PDY agar) for 2 to 3 weeks at 20 "C, inducing sclerotium formation and maturation. The sclerotia were collected aseptically, washed with sterile distilled water for 48 h at 4 "C, dried for 72 h under a laminar-flow hood, and placed on 2% (w/v) water agar (purified agar, Difco) following the protocol of Henson & Valleau (1940) . Apothecial development of Montana isolates of this fungus required a vernalization period (Saito, 1977) of eight weeks at 4 "C. Those Petri plates with sclerotia developing apothecial stipes were then placed in a 16 "C growth chamber with a 12 h per day photoperiod (fluorescent lighting) to maturate apothecial discs (Saito, 1977) .
Mutagenesis. Ascospores from mature apothecia were discharged into sterile distilled water and then onto PDA plates (approximately 2500 spores per plate). The plates with ascospores were placed 16cm from a 254nm ultraviolet light source (General Electric G8T5, 15 W source) and irradiated for 80 s, which permitted about 2% ascospore survival. Surviving ascospores were germinated and transferred to fresh PDA agar.
Detection and characterization ofauxotrophs. Mycelial agar plus (7 mm) were cut from 3-to 5-d-old irradiated fungal cultures growing on PDA. The plugs were placed on minimal agar medium supplemented with yeast extract. Isolates requiring yeast extract for growth, indicating auxotrophy, were isolated and characterized for nutritional requirements by auxanography (Holliday, 1956) .
Fungalprotoplasts. Protoplasts of A 1-pyr and the wild-type were produced by the Novozyme 234/cellulase wall digestion procedure of Stanway & Buck (1984) . Protoplast regeneration was determined on minimal agar or supplemented minimal agar (1 g yeast extract 1-l or 20 mg cytosine 1-l) amended with 1-2 M-sorbitol as stabilizer.
Pathogenicity tests. Crowns of host plants (see Fig. 4 ) were inoculated with wild-type or mutant isolates of the fungus with either 7 mm diameter mycelial agar plugs or infested millet in a modification of the procedure of Price & Colhoun (1975) . All host plants were one week old at the time of inoculation except sweet clover and lettuce, which were two weeks old. External nutrient sources (yeast extract or cytosine) were applied at the time of inoculation by either mixing an aqueous nutrient solution with the inoculum or by pipetting the nutrient solution onto a cotton plug at the inoculation site.
RESULTS
Isolation of mutant Al-pyr. Three isolates, from over 1 100 mutagenized ascospore isolates screened, failed to grow on minimal agar. Of the three, only Al-pyr retained its auxotrophic character over subsequent generations. The auxotrophic phenotype was separated from nonauxotrophic sectors of fungal colonies by hyphal tipping followed by selection for the nutritional requirement. The mutant phenotype was stabilized without re-occurrence of prototrophic phenotypes after the third hyphal tipping. The nutritional requirement of Al-pyr was determined by auxanography (Holliday, 1956 ) to be for pyrimidines. Fig. 1 shows the relative growth rates of the mutant on minimal medium as a function of cytosine, thymidine, or uracil supplements. Only cytosine and, to a lesser extent, uracil complemented the nutritional requirement of the mutant. Similarly, A1 -pyr infestations of inoculated millet seed, greater than 20 %, required nutrient supplementation as indicated by fungal growth from seed plated onto PDA. A supplement of 10,30 and 100 pg cytosine 1-l to the millet at time of inoculation resulted in 22, 80 and 100% infestation, respectively.
Stability of the mutant phenotype. Reversions of the auxotroph to prototrophy have never been observed during the numerous laboratory transfers of Al-pyr. In addition, of 264 single Al-pyr ascospores tested, all exhibited the auxotrophic phenotype. Stipe formation appeared normal during apothecial development of the auxotroph, but less than 1 % of the stipes matured into apothecial discs.
Protoplast regeneration. Protoplasts were prepared from both the wild-type and A1 -pyr isolates. Approximately 4 x lo6 protoplasts of each were serially diluted and plated onto supplemented (yeast extract or cytosine) or unsupplemented Czapek/sorbitol agars. Approximately 1 % of the protoplasts from the parental wild-type fungus regenerated to form colonies on stabilized minimal agar, whereas none of A 1 -pyr protoplasts successfully formed colonies on unsupplemented agar. A regeneration rate (as colony-forming units) of 0.1 % was observed for A 1 -pyr on medium containing cytosine, whereas only microscopic germ-tubes formed on medium containing yeast extract. In all of the tests, protoplasting was verified as water controls failed to produce colonies.
Efect on virulence.
Virulence of Al-pyr was determined by inoculating plants with either mycelial agar discs (PDY agar) or infested millet. The fungus failed to induce a lesion on any sunflower seedlings when applied as a mycelial disc unless a nutrient supplement was applied together with the inoculum (Fig. 2) . Fig. 3 shows regained virulence of Al-pyr on sunflower with external applications of a yeast extract solution (2 mg ml-l) compared with a cytosine solution (50 pg ml-l), applied to the inoculation site on cotton plugs. The effect of nutrients, applied to cotton plugs or mixed with millet inoculum, on virulence of Al-pyr was determined on seven hosts (Fig. 4) . Lettuce and clover were the most susceptible, succumbing to disease even without nutrient supplements (Fig. 4) . The remaining species occasionally developed slight lesions when inoculated without external nutrients but they were never observed to die in these conditions. The necessity of nutrient supplementation for complete infestation of the millet and resulting residual pyrimidines presumably accounts for the enhanced virulence with the millet-based inoculum (Fig. 4b) . 
DISCUSSION
In this study, an auxotrophic mutant of S. sclerotiorum, Al-pyr, was obtained by UV mutagenesis. The exact biochemical lesion in pyrimidine biosynthesis has not been determined. During initial isolation, Al-pyr was observed to grow more slowly than the wild-type on PDA. As opposed to some auxotrophs that can grow slowly on minimal agar, the cytosine requirement of Al-pyr is so complete that the mutant does not grow, from protoplasts, ascospores or mycelia, on minimal agar.
R . V . MILLER A N D O T H E R S
Al-pyr is apparently the first auxotroph described for S. sclerotiorum, but auxotrophs have been reported with numerous other fungi (Boone et al., , 1971 Garber et al., 1983 Leach et al., 1982; Lester et al., 1959; Perkins et al., 1982; Rowlands, 1983; Tinline, 1963; van Andel, 1966) . Its cytosine requirement rendered Al-pyr avirulent on four of seven susceptible species of plants unless external cytosine was present in the inoculum or applied at the inoculation site. The association of avirulence with auxotrophy has been observed with other plant pathogens (Garber, 1954a, b; Garber et al., 1956; Kline et al., 1957; Tinline, 1963; van Andel, 1966) .
Biological weed control, in both classical and mycoherbicide approaches, relies on organisms isolated from nature that must be host-specific (Charudattan, 1985; Templeton et al., 1979) . Genetic manipulation of plant pathogens allows for improving biocontrol control agents (Charudattan, 1985) . Such a genetic approach may also allow the use of pathogens such as S. sclerotiorum, by either increasing host-specificity or limiting pathogen dissemination. A 1 -pyr represents a possible candidate as a safer weed control agent. The pathogen would be limited to the area of application due to its auxotrophic requirement. As over 90% of apothecial stipes were aberrant, ascospore inoculum load would be negligible, particularly in the light of the relatively high abundance of the wild-type fungus in nature. Although Al-pyr must be field tested before conclusions can be reached on its feasibility for use as a biocontrol agent, this mutant may provide a method to control a number of important weeds.
